The midline has a theoretical role in the development of left-right asymmetry, and this is supported by both genetic analyses and experimental manipulation of midline structures in vertebrates. The mouse brachyury (T) gene encodes a transcription factor which is expressed in the developing notochord and is required for its development. T/T mice lack a mature notochord and have a dorsalised neural tube. We have examined the hearts of T/T mice and have found consistent morphological abnormalities, resulting in ventrally displaced ventricular loops, and a 50% incidence of inverted heart situs. Three TGF-b related genes, lefty-1, lefty-2 and nodal, are expressed asymmetrically in mouse embryos, and are implicated in the development of situs. We find that nodal, which is normally expressed around the node and in left lateral plate mesoderm in early somite embryos, is completely absent at this stage in T/T embryos. In contrast, lefty-1 and lefty-2, which are normally expressed in the left half of prospective floorplate and left lateral plate mesoderm, respectively, are both expressed in T/T embryos only in a broad patch of ventral cells in, and just rostral to, the node region. These results implicate the node as a source of instructive signals driving expression of nodal and lefty-2 in the left lateral plate mesoderm, and being required for normal looping and situs of the heart.
Introduction
Vertebrates develop with consistent differences between their left and right sides, leading to a variety of structural asymmetries within the viscera. The most obvious and earliest of these asymmetries to develop is within the heart, beginning with the left-sided placement of the atrioventricular (AV) junction precursors, and the rightward looping of the ventricular segment of the heart tube (see Brown and Anderson, 1998 for review). The development of normal asymmetry (situs solitus) may be laterally inverted to give a mirror image arrangement, either of the whole body plan (situs inversus), or of individual organs, such as the heart. Some advance has been made recently in understanding the patterning processes which establish left-right asymmetry (see Mercola, 1998 and Harvey, 1998 for reviews). In chick embryos, Levin et al. (1995 Levin et al. ( , 1997 have elucidated a pathway beginning with asymmetry of an activin-bB subunit in the primitive streak, which up-regulates the activin type IIa receptor (cActRIIa) on the right of the node, resulting in repression of sonic hedgehog (Shh) leaving it in the left of the node only, where it induces nodal expression in the left lateral plate mesoderm, in a patch extending rostrally to abut the developing heart. There is no evidence for an involvement of activin or Shh in laterality specification in the mouse (Chiang et al., 1996; Matzuk et al., 1995) . The mouse nodal gene is, however, expressed as in the chick, in the left lateral plate mesoderm from the 2-to 6-somite stage (Collignon et al., 1996; Lowe et al., 1996) . Two further TGF-b related genes, lefty-1 and lefty-2, have been identified in the mouse which also show asymmetric expression. lefty-2 is expressed in a similar fashion to nodal, in the left lateral plate mesoderm, and lefty-1 is expressed in the left portion of the prospective floorplate (Meno et al., 1996 (Meno et al., , 1997 . Both nodal and the lefty genes have been implicated in the control of left-right development because of their altered expression in the situs mutations inv, iv and no turning (Collignon et al., 1996; Lowe et al., 1996; Meno et al., 1996 Meno et al., , 1997 Melloy et al., 1998) .
Theoretical considerations suggest a role of the midline in breaking bilateral symmetry and there are several lines of supporting evidence. The recently identified mouse mutant no turning, in which the notochord appears to degenerate and there are neural tube closure defects, exhibits randomisation of the direction of heart looping (Melloy et al., 1998) . The winged helix-loop-helix transcription factor HNF-3b, is expressed in notochord and floorplate and is required for notochord development (Weinstein et al., 1994) . Double heterozygous mutants for HNF-3b and nodal exhibit situs defects (Collignon et al., 1996) . A dynein-encoding gene, lrd, is expressed in the mouse node and is mutated in iv mice (Supp et al., 1997) . The zebrafish mutants, notail, which carries a mutation at the brachyury (T) locus and in which notochord fails to develop, and floating head (flh), where no notochord forms, both exhibit randomisation of heart looping (Danos and Yost, 1996) . Experimental removal of the notochord and neural tube in Xenopus embryos also results in defects of situs (Lohr et al., 1997) . Recent manipulations of both chick and Xenopus embryos confirm the central role of the node, but suggest asymmetry may be initiated elsewhere Hyatt and Yost, 1998) .
We have analysed the mouse brachyury (T) mutant which carries a mutation in a transcription factor (Kispert et al., 1995) required for normal development of node, notochord and posterior mesodermal derivatives (see Beddington et al., 1992) . Our results show that the hearts of all T/T mice are morphologically abnormal, and have a 50% incidence of heart loop inversion. Consistent and characteristic aberrant expression of both the lefty genes and nodal is also observed.
Results

Heart morphology
At early somite stages, as examined for nodal and lefty expression (see below), there were no observable differences in the morphology of T/T, T/+ and +/+ hearts, all of which were at the 'horseshoe' stage (not shown). However, at any later stage, the hearts of all T/T embryos were abnormal. At embryonic day 9.5 (E9.5), the hearts of +/+ and T/+ embryos had completed looping, and were of normal morphology in which the venous sinus is connected to the primary atrium, the left side of which leads through the AV canal to the left and right ventricles, which are arranged laterally across the embryo, caudal to the outflow tract (Fig. 1A,D,G) . In contrast, all E9.5 T/T hearts had an abnormal ventricular arrangement in which the right and left portions were aligned rostro-caudally (Fig. 1B,E ,H and C,F,K), which is sometimes described as a 'ventral' loop. The AV and atrial arrangement of T/T hearts appeared normal. Despite the abnormal loops, it was possible to tell the situs of T/T hearts, from the position of the AV canal (normally left) and the distinct morphology of the left sinu-atrial region. In addition, in some T/T hearts the ventral ventricles had clearly looped to one side (Fig. 1H) , whilst in others they appeared to be medial (Fig. 1K) . Of 13 T/T embryos, one had indeterminate situs and of the rest, 50% of E9.5 T/T hearts were of normal situs (Fig. 1B,E ,H) and 50% were inverted (Fig. 1C,F,K) .
At E8.5, post-'horseshoe' stage T/T hearts had a consistent morphology (4/4 cases), which was unlike any T/+ or +/+ embryo. The T/T early heart tube was bilaterally symmetrical, with a distinct grove on both left and right sides, forming a figure-of-eight outline (Fig. 2C,D) . In normal embryos at the same stage (based on head-fold morphology, equivalent to 7 to 11 somites) the heart tube first becomes asymmetrical in the left AV region ( Fig. 2A) , then the ventricular portion loops to the right, at which stage the interventricular groove becomes visible on the right side ( 
nodal expression
The spatial and temporal patterns of nodal expression in T/+ and +/+ embryos was exactly as previously described for wild-type mouse embryos (Collignon et al., 1996; Lowe et al., 1996) . nodal is expressed early in embryonic ectoderm, becoming restricted to the primitive streak and by the headfold stage to the ventral lateral regions of the developing node, and then to the cells surrounding the mature node (Fig. 3A) . This expression gradually becomes more pronounced to the left of the node, from about 3 somites. By 4 somites expression is found also in the left lateral plate mesoderm adjacent to the node. Expression spreads anteriorly to a rostral limit abutting the developing heart by 5-6 somites ( Fig. 3A ,B) and is progressively lost from the node and posterior lateral plate (Fig. 3B ), being extinguished completely by 7 somites.
We could detect no expression of nodal in the lateral plate, nor around the node, in T/T embryos at stages equivalent to 4 to 7 somites (primitive streak stages not examined). In all cases, simultaneously hybridised normal littermates (T/+ and +/+) embryos gave the expected expression, establishing a genuine lack of expression in T/T embryos. Three T/T embryos at 4-5 somite equivalent and one at 6-7 somites are shown (Fig. 3B ,C), together with a phenotypically normal littermate ( Fig. 3B ) of 5-6 somites. 
lefty expression
Again, the expression of lefty-1 and lefty-2 in T/+ and +/+ embryos was as described by Meno et al. (1996 Meno et al. ( , 1997 . lefty-2 expression is first detected in primitive streak stage embryos in a symmetrical fashion, in emerging mesoderm. Expression is down-regulated by headfold stages and at 2-3 somites appears in the left lateral plate mesoderm, adjacent to the node, proceeding to spread anteriorly (Fig. 4A ) in a similar fashion to nodal, and being lost by 7 somites. lefty-1 first becomes expressed in the left half of the ventral neural tube, the prospective floorplate, adjacent to the node at 2-3 somites (Fig. 5G,H,K) . Expression spreads anteriorly along the length of the floorplate (Fig. 4E) and is lost by 6 somites. Low levels of lefty-1 are seen in the lateral plate following lefty-2 expression (Fig. 4E ) and likewise for lefty-2 in the prospective floorplate.
We analysed lefty-1 and lefty-2 expression by doublelabelling whole-mount in situ hybridisation. In T/T embryos, we found a complete lack of expression in the lateral plate mesoderm. In 4-5 somite equivalent T/T embryos, we saw expression of both lefty-1 and lefty-2 in the node region. There were apparently two areas of expression; one at the node region which was always a narrow band or patch, and one further anterior, which was distinctly longer in rostrocaudal dimension. In these dual-label experiments in which three embryos were examined, the spatial expression of the two genes was identical (Fig. 4B-D,F-H ), but lefty-2 always appeared to be much weaker.
Using a probe that detects both lefty-1 and lefty-2 we found that expression in T/T embryos is initially seen as a punctate pattern in the node region (Fig. 5A,B) in a larger area than in wild-type embryos, where only a few spots are occasionally seen (not shown). Later, as described above, a more anteriorly broad patch of ventral expression develops, Fig. 2 . T/T heart morphology, pre-looping frontal views of four E8.5 hearts. As a common landmark, the medial point of the ventro-caudal margin of the anterior intestinal portal is marked with an asterisk. The arrowhead marks the putative interventricular groove in B and the arrows in C,D mark the abnormal bilateral grooves in T/T hearts. To show the extent of the heart clearly, the wild-type hearts in A,B carry a myosin lightchain transgene that labels the whole of the myocardium at this stage (Franco et al., 1997) . The T/T embryos in C,D are at the same stages, based on headfold morphology, as the wild-type embryos in A,B (A, 8 somites; B, 11 somites). which is distinctly broader than that in wild-type embryos (compare Fig. 5C ,D with G). In only two of nine T/T embryos expressing lefty in the ventral midline, was this expression left-sided (Fig. 5C ). Lateral views (Fig. 5E ) and sectioning of stained whole-mounts (Fig. 5F ) confirms the ventral nature of the expression. In total, 12 T/T embryos were analysed and lateral plate expression was not observed in any case. Three 2-3 somite equivalent embryos showed node expression and nine 4-6 somite equivalent embryos showed the broad ventral patch, of which two were left sided. Phenotypically normal littermates all showed normal expression
Discussion
We have found a temporal sequence of molecular and morphological abnormalities related to the development of left-right asymmetry in T/T embryos. At first somite stages, unlike +/+ embryos, there is no nodal expression in or around the node region, whereas lefty is expressed more extensively in the node than normal. By 4-5 somites, lefty is expressed in a short domain anterior to the node which is ventrally restricted, but broader than that in the floorplate of +/+ embryos. Normally, floorplate lefty expression subsequently extends to about the rostral extent of the notochord, but the ventral domain of lefty does not expand in T/T embryos. Midline expression in T/T appears to be lefty-1, with very low-level lefty-2, as is normal, but in most cases expression is bilateral, unlike the left-sided restriction in +/ +. Throughout the early somite phase, there is no nodal or lefty in lateral plate, in sharp contrast to the usual left-sided expression. By 7 somites, when normal hearts first show morphological asymmetry, T/T are structurally abnormal and symmetrical. The ventricles of T/T hearts remain rostro-caudally arranged during subsequent looping, and heart situs is randomised. This sequence suggests some causal relationships between these defects.
Control of midline lefty-1
Because lefty-1 expression is initiated in the midline at the appropriate stage in T/T, it appears that T is not required for this initial induction. It has been proposed from chimera analysis, where T/T cells are abundant in ventral neural tube (Beddington, unpublished data) , and from genetic analysis in zebrafish (Halpern et al., 1997) , that one role of T is to divert cells in the node away from a neural fate to become notochord. The broad caudal patches of lefty-1 expression seen in the absence of T may represent over-proliferation of ventral neural tube in caudal regions. Possibly, this overabundance leads to loss of laterality information, as leftsided expression is rarely seen. Alternatively, the normal floorplate asymmetry and rostral expansion of lefty-1 may require signals from the underlying notochord, or from the node. Mature notochord is never formed in T/T and the neural tube that develops is dorsalised although, at least in more caudal regions, ventral/floorplate markers are expressed (Rashbass et al., 1994) .
Induction of lateral plate lefty-2 and nodal
One possible explanation for the lack of nodal and lefty-2 in T/T lateral plate could be the absence of an inductive signal from the midline, either from notochord or floorplate, the latter perhaps requiring lefty-1. However, several observations argue against induction from the midline. In the mouse nt mutant, a relatively normal notochord and floorplate form with normal T expression and are present throughout the period of laterality specification, only degenerating later. There is no lefty expression in the floorplate, but both lefty and nodal are expressed in the lateral plate of most embryos bilaterally (Melloy et al., 1998) . In the mouse lefty-1 null mutant also, lefty-2 and nodal are expressed in both left and right lateral plate . In Xenopus, removal of the notochord and floorplate results primarily in bilateral nodal expression and mesoderm cells explanted from either side of embryo expressed nodal after culture (Lohr et al., 1997) . Whilst these observations argue against an inductive role for lefty-1, floorplate or notochord, they are consistent with the possibility that any of these could act as a barrier for, or to repress, the rightsided expression of lefty-2 and nodal.
If the inductive signal responsible for left lateral plate expression does not come from notochord or floorplate, then likely sources are the primitive streak, node, or even lateral to the node , all regions in which T/T embryos are known to develop abnormally (Rashbass et al., 1994) . So, the most economical explanation for all the molecular defects we have observed is that these all require a signal(s) from the node, and this is abnormal in T/T. This signal is necessary for induction of nodal, and of lefty-2 in lateral plate, and may play a role in lateralisation and expansion of lefty-1 in floorplate, although the notochord is more likely involved in these.
T and heart development
Although they are not expressed in pre-cardiac mesoderm, it has been proposed that lefty and nodal provide asymmetric signals for heart situs. While this paper was in revision, it was shown that these pathways involve the induction of expression of the homeobox gene Pitx-2 (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; St. Amand et al., 1998; Yoshioka et al., 1998) . It is still not clear exactly how lefty and nodal signals may be transmitted but their lack of expression is a likely explanation for the randomisation of the direction of heart looping in T/T. In addition to this laterality defect, all T/T hearts are structurally abnormal, suggesting that T is also required for normal looping morphogenesis. It is possible that there is an independent effect of T on heart development, possibly as a result of its effect on streak-derived mesoderm. The fact that whilst posterior mesoderm is compromised in T/T embryos, anterior development is relatively normal argues against this. However, in zebrafish, notochordless mutants are associated with over-expansion of heart field (Fishman, personal communication). Perhaps this is also occurring in T/T mice, with an initial excess of heart progenitor cells resulting in abnormal morphology. We did not, however, see any overt sign of enlargement of early T/T hearts. It may be relevant that mouse Nkx2.5 is a major determinant of the heart field and is also required for normal looping (Biben and Harvey, 1997) .
Another possibility is that lefty and nodal genes provide more than just a laterality signal, but are actually involved in heart morphogenesis. A number of mutations and experimental manipulations simultaneously result in effects on situs, misexpression of lefty and nodal, and some incidence of morphological heart abnormality. Some iv/iv mice have ventral heart loops at early stages (Layton and Manasek, 1980 and unpublished data) and we have seen the 'figureof-eight' heart morphology described here in T/T embryos also in some iv/iv hearts (unpublished observations). There is a spectrum of lefty and nodal expression patterns in iv/iv, including right-sided only, bilateral and absence. Perhaps those without expression are similar to T/T embryos. The lack of temporal overlap between lefty and nodal expression and overt signs of heart laterality has prevented an exact correlation of expression patterns with heart phenotypes, but this should be possible to establish for Pitx-2 expression.
Some iv/iv mice have isomerism of the lungs and atria (Seo et al., 1992) , which may also be the result of bilateral expression or absence of lefty-2 or nodal. Also, the Act-IIb and the Smad2 null mutant mice have right isomerism, and it has been suggested that this is due to absence of reception/ transduction of left-sided lefty-2 or nodal signals (Oh and Li, 1997; Nomura and Li, 1998) . Thus, right isomerism may be expected in T/T also, because of the lack of lefty-2 and nodal expression. The morphology of the primary atrium in T/T hearts appeared normal, but the characteristic appendage morphology that reveals atrial situs does not form until much later in development. An overview of all current data suggests that the processes of heart looping, the handedness of looping, and atrial/lung situs each involve separable pathways, all of which may be affected in T/T mutants.
Experimental procedures
T/T embryos were collected following T/+ × T/+ matings of BTBR mice. T/T embryos were separated from T/+ and +/ + littermates on the basis of their allantoic phenotype.
Whole-mount in situ hybridisation was performed using the protocol of Henrique et al. (1995) . Double labellings were carried out using digoxygenin-and fluoresceinlabelled probes. INT was used as the first colour stain and NBT as the second. Alkaline phosphatase activity was stopped by washing in 1 M glycine, pH 2. Stained wholemount embryos were sectioned at 20 mm on a cryostat.
The probes for whole-mounts were as follows. nodal: 505 bp from 730-1235; lefty-1/2: 460 bp from 540-1000 of lefty-1 (coding region); lefty-1: 351 bp from 1174-1525 (3′UTR); lefty-2: 550 bp extending 350-900 bp 3′ from the coding region (3′UTR). No cross-hybridisation between lefty-1 and lefty-2 probes is detected at low stringency on Southern blots.
